We report analytic and consensus processes that produced recommendations for clinical stage groups (cTNM) of esophageal and esophagogastric junction cancer for the AJCC/UICC cancer staging manuals, 8th edition. The Worldwide Esophageal Cancer Collaboration (WECC) provided data on 22,123 clinically staged patients with epithelial esophageal cancers. Risk-adjusted survival for each patient was developed using random survival forest analysis from which (1) data-driven clinical stage groups were identified wherein survival decreased monotonically and was distinctive between and homogeneous within groups and (2) data-driven anatomic clinical stage groups based only on cTNM. The AJCC Upper GI Task Force, by smoothing, simplifying, expanding, and assessing clinical applicability, produced (3) consensus clinical stage groups. Compared with pTNM, cTNM survival was "pinched," with poorer survival for early cStage groups and better survival for advanced ones. Histologic grade was distinctive for data-driven grouping of cT2N0M0 squamous cell carcinoma (SCC) and cT1-2N0M0 adenocarcinoma, but consensus removed it. Grouping was different by histopathologic cell type. For SCC, cN0-1 was distinctive for cT3 but not cT1-2, and consensus removed cT4 subclassification and added subgroups 0, IVA, and IVB. For adenocarcinoma, N0-1 was distinctive for cT1-2 but not cT3-4a, cStage II subgrouping was necessary (T1N1M0 [IIA] and T2N0M0 [IIB]), advanced cancers cT3-4aN0-1M0 plus cT2N1M0 comprised cStage III, and consensus added subgroups 0, IVA, and IVB. Treatment decisions require accurate cStage, which differs from pStage. Understaging and overstaging are problematic, and additional factors, such as grade, may facilitate treatment decisions and prognostication until clinical staging techniques are uniformly applied and improved.
INTRODUCTION
At its inception, cancer staging was limited "to cases not previously treated and that the extent of the disease must be determined and recorded on clinical examination only." 1 Lack of effective clinical staging modalities, coupled with conclusiveness of pathologic assessment of resection specimens, led to the adoption of pathologic stage groups after esophagectomy alone (pTNM) for clinical stage groups before treatment (cTNM). Today, with the advent of new staging modalities, this practice is in question. 2 Post-7th edition, AJCC instructions and goals of the Worldwide Esophageal Cancer Collaboration (WECC) were to develop, if indicated, separate clinical staging recommendations for cancer of the esophagus and esophagogastric junction for the 8th edition AJCC cancer staging manual. 3 Data provided by WECC 4 served as substrate for a machine-learning analysis from which (1) data-driven clinical stage groups based on anatomic (cTNM) and non-anatomic cancer characteristics and (2) anatomic clinical stage groups based only on cTNM categories were produced. The AJCC Upper GI Task Force reviewed these and, by smoothing, simplifying, expanding, and assessing clinical applicability, produced (3) consensus clinical stage groups.
This manuscript reports these data-driven clinical stage groups, data-driven anatomic clinical stage groups, and consensus clinical stage groups. Finally, to aid in consistent prognostication and decision-making, the consensus pTNM stage group with equivalent survival to each consensus cTNM stage group was identified.
PATIENTS AND METHODS

Patients
At 33 WECC institutions (Supporting Information Appendix S1), 22,654 patients were treated for epithelial esophageal cancers. 4 Of these, 22,123 were clinically staged before treatment decision. Patient, cancer, and survival summary data have been published. 4 
Endpoint
The endpoint was all-cause mortality from first management decision. Median potential follow-up was 8.9 years 5 ; however, median actual follow-up for surviving patients was 2.5 years, with 25% followed more than 5.1 years and 10% more than 8.4 years. 4 
Data
Under individual institutional data use agreements and Institutional Review Board approval, data were collected using a common format with standardized definitions (Supporting Information Table S1 ). The Case Cancer Institutional Review Board of Case Western Reserve University and Cleveland Clinic Institutional Review Board approved the overall use of these data for research.
DATA ANALYSIS
Analytic strategy
Risk-adjusted survival for each patient was developed. From this, data-driven groups were formulated such that (1) survival decreased monotonically with increasing group number, and (2) survival of each group was distinctive, with no more than a 5% difference. cTNM categories comprising each group were then exposed. Homogeneity of survival within groups was determined.
Risk-adjusted survival
Random survival forest (RSF) methodology was used to estimate nonparametric risk-adjusted and crossvalidated survival for each patient. 6, 7 Thirty-nine dichotomous, polytomous, ordinal, and continuous variables were used, representing patient characteristics, anatomic and non-anatomic cancer characteristics, and institutional characteristics (Supporting Information Table S2 ), in separate analyses for squamous cell carcinoma (SCC) and adenocarcinoma.
All computations used open source randomForestSRC R-software under default settings. 8 Missing data were pre-imputed without outcome information by random forest imputation methodology, missForest. 9, 10 One thousand survival trees were grown using log-rank splitting. Each tree was constructed using an independent bootstrap sample of size 22,123; on average, each bootstrap sample contained 63% of the patients. The remaining unused patients (37%) were referred to as out-of-bag (OOB) observations. Each tree and its corresponding OOB observations were used to calculate a patient-specific risk-adjusted OOB (cross-validated) survival function for stage grouping and patient-specific mortality value (integrated cumulative hazard for each patient) for analysis of homogeneity. 6 
Data-driven clinical staging
From the individual survival estimates, 18 subsets of SCC patients and 15 for adenocarcinoma (Supporting Information Table S3 and Figs. S1 and S2) were produced with constraints such that only subsets with a sample size of 20 patients or greater were permitted. Stage groups were then formed by iteratively merging these subsets by closeness, and individual patient survival by closeness, defined as the root-mean-squared-error difference between OOB survival functions from 3 to 10 years, until no more than a 5% difference between adjacent groups, above and below, was observed.
Data-driven anatomic clinical staging
To meet UICC requirements for pure cTNM groupings, regrouping of estimated survival curves produced data-driven anatomic clinical stage groupings with grade and location used in risk adjustment.
Consensus clinical staging
The AJCC Upper GI Task Force reviewed cancer categories and both data-driven analyses. The consensus process of merging, splitting, and smoothing datadriven groups while maintaining clinical relevance and minimizing drift from data-driven groupings produced consensus clinical stage groups.
Homogeneity
Within each data-driven anatomic and consensus stage group, homogeneity was assessed as follows. OOB patient survival was analyzed with respect to the 39 independent variables using RF regression. Regression forests of 1,000 random regression trees were grown using mean-squared-error splitting. From each RF regression, variable importance (VIMP) of each variable was calculated by measuring the increase in OOB mean-squared error when the variable was removed from the analysis, 7 and standardized by dividing VIMP by the variance of OOB patient mortality multiplied by 100. Standardized VIMP measured the relative importance each independent variable had in predicting OOB patient mortality within a stage group. If a group is homogeneous, standardized VIMP for all cancer facts should be near zero. Values under 5% were deemed to be non-significant.
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Equivalence of survival between consensus pTNM and consensus cTNM stage groups For each consensus clinical stage group (cTNM), the consensus pathologic (pTNM) stage group with equivalent survival profile was identified.
RESULTS
Data-driven clinical stage groups
Only four data-driven stage groups, presented simply as cardinal numbers, were identified for SCC (Table 1) and six for adenocarcinoma (Table 2) . Risk-adjusted survival within these groupings for SCC ( 
Squamous cell carcinoma
Location of cancer along the esophagus (upper, middle, lower) played no role in data-driven clinical stage grouping. Grade was a defining category for cT2N0M0 cancers and importantly revealed its contribution to all but group 4. Group 1 comprised a disparate collection of patients with the spectrum of cT confined to the esophagus, some with regional lymph node metastasis (cN1): cTis, cT1N0-1M0, and cT2N0M0G1. Group 2 comprised a wide range of cT2 cancers (cT2N0M0G2 and cT2N1-2M0) plus cT3N0M0. Group 3 had the largest complement of patients, with component categories being cT2N0M0G3, cT3N1-2M0, and cT4aN0-2M0. cT4aN3M0 and cM1 cancer comprised group 4. There were too few cT1N2M0 and cT1-3N3M0 cancers to group these categories. 
Adenocarcinoma
Grade played an important role in stage grouping both cT1N0M0 and cT2N0M0 cancers. Similar to SCC, cT2N0M0 cancers contributed to three groups, distinguished by grade. Group 1 comprised cTis and cT1N0M0G1-2. T1N0M0G3, cT2N0M0G1, and cT1N1M0 comprised group 2. cT2N0M0G2 was the sole member of group 3, distinguished from other cT2N0M0 subcategories by grade. Group 4 had the largest complement of patients and consisted of cT2N0M0G3, cT2N1M0, cT3N0M0, and cT4aN0-1M0 cancers. cT3N1M0 cancers solely comprised group 5. Group 6 had 2 members: cT3N2M0 and cM1. There were too few cT1-2N2, cT4aN2M0, cT4bN0-2, and cTanyN3M0 adenocarcinomas to be grouped.
Data-driven anatomic clinical stage groups
Four data-driven stage groups, presented simply as cardinal numbers, were identified for SCC (Table 3A) and six for adenocarcinoma (Table 3B) . Risk-adjusted survival for SCC ( Fig. 2A) and adenocarcinoma ( Fig.  2B ) monotonically decreased, was distinctive between groups, and was homogeneous within groups (Supporting Information Figs. S3B and S4B ).
Squamous cell carcinoma
Group 1 comprised cTis and cT1N0-1M0. Loss of grade obliterated the distinctiveness of grade for cT2N0M0 cancers (Table 3A) . cT2N0-2M0 and cT3N0M0 were in group 2. Group 3 comprised cT3N1-2M0 and cT4N0-2M0. cT4aN3M0 cancer and all cM1 cancers were placed in group 4.
Adenocarcinoma
Loss of grade obliterated the distinctiveness of grade for cT1-2N0M0 cancers (Table 3B ). Group 1 comprised cTis and cT1N0M0. Groups 2 and 3 had single category members: group 2, cT1N1M0, and group 3, cT2N0M0. Group 4 comprised cT2N1M0, cT3N0M0, and cT4aN0-1M0 cancers. Group 5 comprised cT3N1M0. cT3N2M0 and all cM1 cancers were placed into group 6.
Consensus clinical stage groups
Risk-adjusted survival for SCC (Fig. 3A) and adenocarcinoma (Fig. 3B ) monotonically decreased with increasing stage group number and was distinctive between groups. Homogeneity was excellent for all groups (Supporting Information Figs. S3C and S4C ).
Squamous cell carcinoma
The consensus process, adhering to prior staging rules, assigned cTis to cStage 0. Thus, cStage I was limited to cT1N0-1M0. cT2N0-1M0 and cT3N0M0 comprised cStage II. cStage III included cT1-2N2M0 and cT3N1-2M0 cancers. cStage IVA represented the most locally advanced cancers, including any T4 cancer regardless of subcategory of invasion of adjacent structure (cT4a- 
Interpretation
Compared with pTNM survival, cTNM survival is less distinctive between cStage groups, and the survival curves are pinched: poorer survival of early cStage cancers and better survival of advanced cStage cancers. This effect is (1) much greater for SCC than adenocarcinoma and (2) less marked with risk adjustment than that seen in the presentation of raw data. 4 In part this is the result of understaging early cStage cancers and overstaging advanced cStage cancers. Low accuracy of clinical staging must be considered in treatment decisions and prognostication using cStage.
The differences in clinical stage groupings between histopathologic cell types are marked. Continent was the most important variable in determining stage group of SCC, but not of adenocarcinoma. 12 However, cT and cG were of similar overall importance and of 1  Tis  N0  M0  0  IIA  T1  N0-1 M0  I  2  T2  N0-1 M0  II  T3  N0  M0  X  T1  N2  M0  III  IIIA  T2  N2  M0  3  T3  N1-2 M0  T4a  N0-2 M0  IVA  IIIB  4  T4a  N3 1  Tis  N0  M0  0  IB  T1  N0  M0  I  IC  2  T1  N1  M0  IIA  IIA  3  T2  N0  M0  IIB  IIB  4  T2  N1  M0  III  IIIA  T3  N0  M0  T4a  N0-1  M0  5  T 3  N 1  M 0  6  T3  N2  M0  IVA  IIIB  X  T1-2  N2  M0  X  T4a  N2  M0  X  T4b  Any  M0  X  Any  N3  M0  Any  Any  M1  IVB  IIIB Note: X5 not in data-driven analysis. † Equivalent survival with pTNM consensus groups.
Esophageal cancer staging recommendations: clinical 917 greater importance than cM and cN for both histologic cell types in this analysis. The role histopathologic cell type plays in these survival differences in cStaged patients is debatable, and to a great extent differences may be mostly explained by staging variability among continents and institutions. Assignment of treatment and coarse prognostication was set out in the 1st edition of the AJCC cancer staging manual and holds true today for cStage: "The various TNM classifications can be gathered together to represent three groups of patients: (1) those patients with a fairly good prognosis when dealt with by present-day therapeutic techniques, (2) those whose course is fulminating and rapidly fatal, and (3) those whose course lies between, including those who have little or no chance of cure but who may often live for various periods." 13 This gross partitioning holds true for clinical staging today.
Strengths and limitations
Modalities used to determine clinical stage were not available for institutions or individual patients in the WECC. Risk adjustment for staging modality was not possible.
Misconceptions abound about the best endpoint for cancer survival analyses. Cancer-specific survival is believed by many to represent the ultimate diseasespecific survival. However, this soft endpoint is plagued by our ability to detect persistence of cancer after treatment. This is determined by the interval of follow-up and the sensitivity of clinical detection tools. It has been demonstrated that risk-adjusted all-cause mortality, using a rich set of patient demographics and comorbidities, is a better survival endpoint and has been used in the analysis. [14] [15] [16] Random forest analysis is capable of superior risk adjustment, limited only by the depth and volume of data. The present WECC database, with multiple patient variables, permits accounting for factors other than esophageal cancer characteristics that can cause deaths in these patients. After risk adjustment, all the residual information about death may be attributed to esophageal cancer, the last remaining risk.
Although the strength of WECC is worldwide representation, it also imposes limitations related to institutional, country, and continent heterogeneity of etiology, diagnosis, clinical characterization of esophageal cancer, and treatment decisions. Imputation was necessary for missing data in some risk-adjustment variables, and some patients were excluded who did not have complete pTNM data or survival information. Although we attempted to incorporate patients who underwent less invasive treatments than esophagectomy, the number of such patients was small.
Clinical implications
Clinical staging is chiefly based on imaging and thus is limited by resolution of each individual technique. The shortcoming of each should be taken into account during interpretation of clinical staging. Worldwide recommendations and standardization are necessary and at the present time should include esophagogastroduodenoscopy, biopsy or endoscopic mucosal resection of the primary cancer, endoscopic esophageal ultrasonography, endoscopic esophageal ultrasonographydirected fine-needle aspiration of regional lymph nodes and distant sites in direct continuity with the upper GI tract, and CT-PET. The modalities used to determine cStage must be recorded.
cN1 was shown to be a high-risk finding for adenocarcinoma and should accordingly direct treatment decisions and crude prognostication. However, for cStage I-II SCC, the finding of cT1N1M0 or cT2N1M0 should bring into question overstaging and a concerted effort to prove that regional nodal metastases are present. If histologic proof of cN1 is found, it should lead to reconsideration of cStage and appropriate alteration of treatment.
Identification of high-risk associated findings must be included in decision-making and prognostication. Although eliminated from stage grouping, grade is important for treatment decisions. The identification of G3 in T1-2N0M0 adenocarcinoma and T2N0M0 SCC is a high-risk finding and should be used in decision-making and prognostication for these patients. Grade can and should be determined on evaluation of preoperative specimens, and it has been shown to be important also in prognostication. 17, 18 Clinical grade may be the only determination of grade in cancers that are obliterated with neoadjuvant therapy (ypT0N0M0 cancers).
Conclusions
This first attempt at clinical stage grouping is most useful and reliable for adenocarcinoma and should facilitate the process and uses of clinical staging. The groupings for SCC reflect variable staging to some degree and emphasize the need for universal staging protocols, uniform staging of esophageal cancer patients, identification of additional risk factors in clinically staged patients, and new staging modalities. Much work is needed to improve clinical staging for the 9th edition, but the stage has been set.
